The concentrations of cloud condensation nuclei (CCN) modulate cloud properties, rainfall 8 location and intensity, and climate forcings. This work assesses uncertainties in CCN 9 measurements and the apparent hygroscopicity parameter ( ) which is widely used to represent 10 CCN populations in climate models. CCN measurements require accurate operation of three 11 instruments: the CCN instrument, the differential mobility analyzer (DMA), and the condensation 12 particle counter (CPC). Assessment of DMA operation showed that varying the ratio of aerosol to 13 sheath flow from 0.05 to 0.30 resulted in discrepancies between the values calculated from 14 CCN measurements and the literature value. Discrepancies were found to increase from effectively 15 zero to 0.18 for sodium chloride, and from effectively zero to 0.08 for ammonium sulfate. The 16 ratio of excess to sheath flow was also varied, which shifted the downstream aerosol distribution 17 
measurements. An analysis of the NASA Global Modeling Initiative Chemical Transport Model and the 67 GEOS-Chem CTM (Karydis et al., 2012) found that cloud droplet number concentration is sensitive to 68 in Arctic and remote regions, where background aerosol loadings are low. Another study (Betancourt 69 and Nenes, 2014) found that a ±50 % uncertainty range in the of secondary organic aerosols and 70 particulate organic matter resulted in a cloud droplet number concentration uncertainty of up to 15 % 71 and 16 %, respectively. Updating precipitation models with lab-derived values for specific inorganic 72 and organic species may increase the accuracy of storm forecasts by providing better predictions of 73 intense precipitation (Kawecki and Steiner, 2018) . In terms of climate, (Liu and Wang, 2010) found that 74 . All models allow for the selection of particles through electrical mobility, the 161 ability of a particle to move through a medium (such as air) while acted upon by an electrical field. The 162 DMA size-selects near-monodisperse aerosol from a polydisperse aerosol source, as shown in Fig. 2 where is the number of charges on the particle (assumed to be one in this study), is the elementary 169 unit of charge, is the gas dynamic viscosity, and ( ) is the Cunningham slip correction factor: 170 In reality, the aerosol flow that leaves the DMA through is polydisperse with a mobility distribution 186 determined by instrumental parameters. A triangular approximation has been chosen as a model for this 187 distribution, as particle inertia is negligible for the diameters considered in this study (Stratmann et al., 188 Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-164 Manuscript under review for journal Atmos. Meas. Tech. 
Artifacts derived from CCN measurements
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artifact analysis and results 209 210
Next we assess the ramifications of the DMA transfer function for the derived . A lognormal 211 theoretical aerosol number distribution was used to represent a polydisperse ambient aerosol population 212 (Fig. 3a) . This distribution was converted to an electrical mobility distribution using Eq. (7) and Eq. (8), 213 assuming that the aerosols in the distribution were spherical and singly charged. From the distribution, a 214 series of single aerosol sizes were selected (25, 50, 100, and 200 nm diameter). For each aerosol size, 215 the resulting DMA transfer functions were calculated for 7 cases using Eq. (9) and the various 216 parameters for DMA sheath, excess, aerosol, and sample flow listed in Table 1 . For example, the 217 resulting DMA transfer functions for a 100 nm aerosol conditions constrained by Cases 1-4 are shown in 218 To assess the variations in CCN properties resulting from DMA uncertainties the critical supersaturation 234
were calculated for representative atmospheric aerosols. The value of was calculated for each 235 particle diameter using Eq. (3a), using literature values for apparent hygroscopicity of 0.61 for 236 ammonium sulfate and 1.28 for sodium chloride (Clegg et al., 1998 For example, if 100 nm particles were selected from the DMA by the user, the transfer functions would 246 allow larger and smaller particles to pass into the sample flow, as shown in Table 2 . Particles with 247 diameter > 100 nm would be "perceived" to have higher apparent hygroscopicity than particles with 248 diameter < 100 nm, since the equilibrium vapor pressure over the surface of a particle decreases as its 249 diameter increases (and as curvature decreases). Using Eq. (12), these diameter-specific "perceived" 250 values were volume-weighted, resulting in The results are compared to theoretical κ-Köhler theory curves for ammonium sulfate and sodium 257 chloride generated using the literature for each compound (Fig. 4b) . ≤ 0.08, 5 − 13 % of ( 4 ) 2 4 ) across the DMA cases. 271
As our results show, when two or more compounds are compared, the more hygroscopic compound will 272 for sodium chloride aerosols (Heim et al., 2004) . In another study, the counting efficiencies 289 observed in measurements of tungsten oxide particles by different instruments of the same model (TSI 290 3025) varied from 88.9 % to 138.9 %, while 50 varied from 3.2 nm to 11.0 nm (Hameri et al., 2002) . 291 292 While some issues can cause undercounting at all concentrations, the additional issue of uncounted 293 particles due to the arrival of more than one particle in the detector's field of view at any time arises 294 only at higher concentrations. The cut-off between "low" and "high" concentration is not exact and 295 varies between instruments. CPC undercounting issues which arise even at relatively low concentrations 296 will be discussed in this section, and concentration-dependent effects will be explored in Sect. 3.2. 297 
298
Six counting efficiency curves were generated using sigmoidal distributions and the 50 % cut-off 299 diameters and maximum counting efficiencies listed in Table 3 . Chosen values represent 50 values and 300 maximum counting efficiencies reported in the literature under relatively low concentrations of 1000-301 4000 cm -3 (Hermann et al., 2007) . The resulting sigmoidal distributions (Fig. 5a ) were used to 302 determine the counting efficiency of 25, 50, 100, and 200 nm particles. 303
304
Next, was calculated from theoretical critical supersaturations for each chosen diameter. To do so, 305 four sigmoid curves representing sodium chloride CCN activation (hereon referred to as "activation 306 curves") for 25, 50, 100, and 200 nm were generated. The κ-Köhler-derived critical supersaturation of 307 sodium chloride was used as the midpoint of each activation curve, and one-tenth of this value was used 308 as the standard deviation (100 % CE, Fig. 5b-e) . These values are consistent with the standard 309 deviation/midpoint ratio observed from our instrument's ammonium sulfate CCN calibration data. 310 311 Activation curves were then generated for CPC Cases 1-6 by dividing the activated fraction for each dry 312 particle diameter by the counting efficiency for that diameter. Critical supersaturation was determined 313 for each CPC case. Results are summarized in Fig. 5f . Next, critical supersaturation was converted to 314 saturation, and , ℎ was calculated for each diameter in each CPC Case using Eq. (4) (see Fig.  315 5g). As above, artifacts were calculated by finding the difference between these results and the 316 literature value of for sodium chloride (see Fig. 5h ). 317
318
For the diameters studied, the effect of maximum counting efficiency on CPC concentration (and 319 activated fraction) is greater than the effect of 50 %-cutoff diameter. However, neither characteristic 320 
CPC operation at high concentration 323 324
Operation at high concentrations introduces an additional source of undercounting through particle 325 coincidence at the CPC optical counter. For the TSI 3010 CPC, undercounting is observed is for particle To model undercounting due to particle coincidence, four CPC counting curves (Fig. 6a) were generated 331 using the equations in Table 4 . Case 7 represents a CPC where counting efficiency decreases with 332 particle concentration, without reaching saturation. In all cases, the aerosol population was assumed to be a distribution consisting of 5 × 10 6 particles/cm 3 337 with a peak concentration at 50 nm (Fig. 6b) . Each case was applied to this theoretical distribution in 338 order to determine the concentration measured by the CPC for 25, 50, 100 and 200 nm aerosols. Then, 339 the counting efficiency was calculated for each case and aerosol diameter. 340 341 Sigmoidal activated fraction curves were generated for 25, 50, 100 and 200 nm sodium chloride 342 aerosols. As in the low concentration cases, the midpoint of each 100 % CE curve was chosen to be 343 equal to the κ-Köhler-derived critical supersaturation of sodium chloride at each dry diameter, and the 344 standard deviation of each curve is equal to one-tenth of the critical supersaturation. These activated 345 fraction curves were adjusted using the counting efficiencies calculated in the previous step. In cases 346 where the activated fraction has increased due to undercounting by the CPC, the theoretical sigmoidal 347 curve shifts to the left relative to the 100 % CE case (Fig. 7c-f) . Thus, undercounting by the CPC 348 effectively increases the reported activated fraction. As above, critical supersaturation was determined 349 from each of these curves, and , ℎ was subsequently calculated using Eq. (4) (Fig. 7g-h) . artifacts were the greatest 363 for a CPC that becomes saturated at 20,000 particles/cm 3 (0.0131 ≤ ≤ 0.4206). The lower the 364 concentration at which a CPC becomes saturated, the more quickly its counting efficiency will drop as 365 concentration increases, resulting in increased activated fraction and increased apparent hygroscopicity. 366
The magnitude of artifacts due to CPC undercounting depends on the saturation concentration of the 367 CPC and the distribution of the aerosol population being studied. following analysis considers the DMT CCN-100. According to the CCN-100 manual, the counting 380 efficiency for this CCN instrument depends on concentration and supersaturation (Fig. 6a) . The 381 counting efficiency decreases rapidly with concentration at < 0.2 % SS due to rapid water vapor 382 depletion at these low supersaturations, and falls off more slowly for > 0.2 % SS (DMT CCN-100 383 manual). 384
385
The counting efficiency of the DMT CCN-100 was tested for four lognormal aerosol distributions with 386 peak concentrations at 50 nm and varying total concentrations (Table 5, Fig. 7b ). Note that for 387 comparison, CCN Case 1 was chosen to be identical to the aerosol distribution used for the high-388 concentration CPC cases. CCN Cases 2-4 follow the same distribution shape, with decreased total 389 particle concentration. 390
391
The counting efficiencies for each case were applied to theoretical sodium chloride sigmoidal activated 392 fraction curves to produce normalized activated fraction curves (Fig. 8c-f) . As above, the midpoint is 393 set to the critical supersaturation of sodium chloride at each dry diameter, and the standard deviation is 394 assumed to be one-tenth of the critical supersaturation. CCN undercounting effectively decreases 395 activated fraction, therefore shifting the activated fraction curve downwards and towards higher percent 396 supersaturations. The opposite effect is observed when CPC undercounting occurs. Critical 397 supersaturation was determined for each CCN case, as above (Fig. 7g) . Values of were then 398 converted to saturation, and , ℎ was calculated using Eq. (4) (Fig. 7h) . 399 400 Significant deviations from κ-Köhler theory were only observed in CCN Case 1, with total aerosol 401 concentration 5 × 10 6 particles/cm 3 ( Fig. 8g-i) . The largest deviation for CCN Case 1 was observed in 402 100 nm particles ( , = −0.57), due to the higher concentration of 100 nm particles compared 403 to 25 and 200 nm particles, and the lower supersaturation necessary for activation. The largest artifacts 404 across CCN Cases 2 and 3 were also observed for 100 nm particles, though no artifacts were observed 405 for any particle diameter in CCN Case 4 due to the much lower concentrations. 406 407 Sodium chloride is very hygroscopic. It should be noted that aerosols consisting of less hygroscopic 408 compounds will activate at higher supersaturations (> 0.2 % SS regime) which will lead to smaller 409 artifacts when the same aerosol distribution and total aerosol concentration is considered. If a mixture 410 was considered (for example, sodium chloride with a non-hygroscopic species such as soot) the results 411 may also be different. The shape of the aerosol distribution must also be taken into account. A 412 distribution with a narrower peak than the one generated for this analysis would be at risk for larger 413 artifacts for any total aerosol concentration, and these artifacts would be greater at the peak 414 diameter, while a broader distribution would result in less variation in artifacts for each particle 415 diameter. 416 is essential that artifacts are considered in both CCN data collection and in reporting of the data. 502 
